This study was conducted to propose a simulation model for corrosion cracking of cover concrete in reinforced concrete structures located on land and subjected to airborne chloride. Chloride penetration has been known to have great influences on the design corroded mass due to the fact that it changes the corrosion initiating time and corrosion rate. Accordingly, a chloride penetration model was proposed for reinforced concrete structures located on land. This model was verified with the drawn core of concrete specimens taken from structures that were free from the rain washout effect. In this study, the corrosion rate of reinforcing steel was also proposed by considering the change in degree of saturation in concrete due to environmental conditions. With the changes in the degree of saturation, the effective corrosion rate is changed according to three controlling factors: the conductivity of the concrete, the chloride concentration and the supply flux of oxygen. Therefore, the design corroded mass is the integration of the effective corrosion rate from the corrosion initiating time to the design time. Moreover, a numerical formula for limit corroded mass, which causes cracks in cover concrete, was developed and proposed. The accuracy of the formula was approximately 25% as compared to the experimental results of previous studies. Thus, the cracking time is the time when the design corroded mass is greater than the limit corroded mass. Additionally, the simulations at the time of cracking in cover concrete were compared with three actual reinforced concrete bridges subjected to airborne chloride.
INTRODUCTION
Deterioration stages of reinforced concrete structures subjected to chloride attack have been sequentially determined according to the physical properties of the structures: 1) corrosion initiation, 2) cover concrete cracking, 3) cover concrete spalling and 4) structure collapse. The prevention from corrosion of a reinforcing bar was introduced in the design specifications for reinforced concrete structures by the Japan Society of Civil Engineers (JSCE) 1) . This was done by limiting the chloride concentration. However, the design can actually be extended to the time before cover concrete cracking, in case two parameters in the judging of cracking criteria are quantitatively quantified, as shown in Eq. (1):
where m lim : corroded mass of reinforcing steel causing cracking in cover concrete (mg/cm 2 ); m d : corroded mass of reinforcing steel at design time (mg/cm 2 ); and γ : safety factor. The design corroded mass is the corroded mass of reinforcing steel at design time, calculated simply by the integration of corrosion rate from the corrosion initiating time to the design time. The calculation implies that the design corroded mass is significantly influenced by the corrosion initiating time and corrosion rate, which depend on the environmental conditions and the properties of concrete.
It is known that corrosion will be initiated if the chloride concentration in the reinforcing steel in cover concrete exceeds the threshold chloride concentration 1) . According to the design specifications of reinforced concrete structures of the JSCE 1) , the threshold chloride concentration depends on the experimental conditions and varies from 1.2 to 2.4 kg/m 3 . Moreover, the calculation method of the chloride concentration in cover concrete is usually carried out by assuming that the chloride concentration at the concrete surface is the same as that submerged in the sea. However, the mechanism of chloride penetration in concrete structures located on land is far different from the mechanism in the sea.
Therefore, it is important to develop a method for estimating the corrosion initiating time of reinforcing bars in concrete structures located on land. In 1985 and 1992, the analytical solution of Fick's 2 nd law under the steady state was modified respectively by Nagano and Naitou 2) and Maruya et al. 3) in order to allow the changing of the chloride concentration at the concrete surface with respect to time. Nevertheless, the chloride concentration at a concrete surface cannot be easily specified for concrete located on land. Additionally, the chloride concentration at the concrete surface which is located in a tidal zone can be determined by applying the differential equation form of Fick's 2 nd law, in which the inputted chloride concentration can be varied with respect to time 3) . Moreover, the corrosion rate of reinforcing bars in concrete is known to be changed by the modification of either electrical potential, as shown by Hsu et al. 4) , or Tafel's slope of the reinforcing bar, as given by Ishida 5) . Based on electrochemistry, the electrical potential of reinforcing bars was found to change with the chloride concentration 6) . Meanwhile, the electrical potential of the reinforcing bars was also reported by Yamamoto et al. 7) to be influenced by the degree of pore saturation in the concrete.
According to Alonso et al. 8) and Morris et al. 9) , the resistivity of concrete can be used to determine the corrosion rate of reinforcing steel under the active state. This is because an increase in the degree of pore saturation results in a decrease in the resistivity of concrete 10) . Meanwhile, the influence of the resistivity of concrete on the corrosion rate of reinforcing steel bars was found to be dependent on temperature 11) . In contrast, Lopez and Gonzalez 12) suggested that the corrosion rate of the reinforcing bars was controlled by the degree of pore saturation in concrete. In addition, another report suggested that the degree of pore saturation in concrete has more influence on the resistivity of concrete than the chloride concentration 13) . Since the effect of chloride concentration on the resistivity was confirmed to be very small, the resistivity of concrete cannot solely control the corrosion rate of the reinforcing bars 12) . It can be said that the corrosion rate of reinforcing bars in concrete has not yet been perfectly addressed by electrochemistry since the important parameter, namely the degree of pore saturation, was not taken into account.
Furthermore, the method for taking into account both degree of pore saturation and chloride concentration is only the empirical formula formulated from the exposure test of Liu and Weyer 14) and Jung et al. 15) . Therefore, a new model for determining the corrosion rate of reinforcing bars in cover concrete has to be developed in order to take into account both degree of pore saturation and chloride concentration simultaneously.
Time of cracking in cover concrete should also be taken into account. Cracking time of cover concrete due to chloride attack has been studied by Matsushima et al. 16) , Hayashi et al. 17) and Takewaka et al. 18) . However, the chloride concentration in concrete was calculated by means of the method given by the design specifications for reinforced concrete structures of the JSCE 1) . Similarly, the analytical solution of Fick's 2 nd law under the steady state was adopted by specifying the chloride concentration at the surface boundary as given by Hansen and Saouma 19) . More important, the limit corroded mass and the corrosion rate of a reinforcing bar were assumed by previous researchers to be constant. This implies that the influences of environmental conditions on the chloride penetration mechanism and the corrosion rate of reinforcing bars were neglected in the calculation. Accordingly, this study was conducted to propose a simulation model for corrosion cracking of cover concrete in reinforced concrete structures located on land and subjected to airborne chloride, a model that takes into account the influences of environmental conditions.
CHLORIDE PENETRATION IN CON-CRETE STRUCTURES LOCATED ON LAND
The mechanisms of chloride penetration into concrete structures located on land are different from those submerged in the sea. The chloride concentration in concrete submerged in the sea can be calculated from the chloride concentration at the surface boundary of concrete, which is equal to the chloride concentration in the sea water. On the other hand, the chloride concentration in concrete subjected to airborne chloride cannot be calculated based on the constant chloride concentration at the surface boundary of the concrete. This is because the chloride concentration at the surface boundary is unknown and changes over time. Additionally, since the concrete structures located on land do not come directly into contact with the solution of chloride ions, it is not proper to calculate the chloride concentration in concrete by inputting the chloride concentration at the concrete surface. This would mean that assumptions regarding surface concrete are required for calculating the chloride concentration.
(1) Assumptions about surface concrete for calculating chloride concentration in concrete According to Swatekititham 20) , the flux of airborne chloride in the atmosphere near a structure can be determined from the wind speed, the wind direction and the distance from the seashore. However, the binding ability of airborne chloride has not yet been completely studied. Therefore, the relationship between the calculated airborne chloride and the incoming flux towards the surface layer of a concrete structure has to be assumed. Therefore, two assumptions have been used in this study. First, as shown in Fig.1 , the incoming flux of surface layer F in is assumed to be equal to the airborne chloride C air . Second, all the incoming flux to the surface layer is assumed to be 100% absorbed at the surface layer. (2) where C tot.free : total free chloride(mg/cm 3 of concrete); F : total flux of free chloride (mg/cm 2 .year); dt : time step in calculation (year); and dx : element length (cm). Based on the one-dimensional-analysis model shown in Fig.2 , the incoming and outgoing fluxes of free chloride in each element can be respectively expressed in equation (2a) and equation (2b): : diffusion coefficient of chloride in concrete (cm 2 /year). Since it was assumed that the incoming flux of the surface layer was equal to the airborne chloride, the incoming and outgoing fluxes of chloride concentration at the surface layer can be written as follows:
where C air : airborne chloride (mg/cm 2 ). It is known that only free chloride can be diffused into concrete. Accordingly, Maruya et al. 21) proposed the following equations to quantify the amount of free and fixed chloride from the total content of chloride: 
where C fixed : fixed chloride content (wt% of cement); C free : free chloride content (wt% of cement); C tot : total chloride content (wt% of cement); α fixed : fixed chloride factor; x : distance or element number from the exposed surface (cm); and t : time (days). 
Surface element Matrix element
According to the diffusion mechanism, the free chloride ions are diffused from the element with high concentration to the element with low concentration. There was an equation given by Maruya et al. 21) which can be used to convert the unit of free chloride content from % weight of cement (wt% of cement) to the free chloride concentration. : average tortuosity of a single pore as a ficttious for mass transfer (ω = (π/2) 2 ).
(3) Verification
The verifications were conducted by comparing the calculation results with the experimental data from the drawn cores of concrete specimens investigated by the Public Works Research Institute (PWRI) 22) . Among the available data, only the drawn cores of concrete that were free from rain washout effect were selected.
In order to calculate C p,free (x,t) and D of the drawn cores of concrete specimens as expressed in equations (5) and (6) , respectively, the values of S cg and φ cg of the concrete are required. S cg and φ cg can be calculated by applying the microstructure formation and mass transportation model of the DuCOM given by Maekawa et al. 23) by inputting the relative humidity, temperature of surrounding weather and water-to-cement ratio w/c of the drawn cores of concrete specimens.
Since the drawn cores of concrete were taken from old concrete structures, the values of w/c could be calculated by means of an equation of Kokubu 24) , which was particularly proposed for old concrete structures. The equation was expressed as follows:
where f c ' : compressive strength of concrete at 28 days (kgf/cm 2 ); and c/w : cement-to-water ratio.
By substituting the investigated data of concrete compressive strength into equation (7), the value of w/c could be obtained as listed in Table 1 . Consequently, the value of C p,free (x,t) and D of the drawn cores of concrete specimens can be obtained.
Moreover, the calculated results of C p,free (x,t) and D of each element were used to calculate the incoming flux of free chloride F in (i,t) and the outgoing flux of free chloride F out (i,t) by means of equations (2a) and (2b), respectively. Then, the distributions of free chloride concentration in each drawn core of a concrete specimen can be obtained by substituting F in (i,t) and F out (i,t) into equation (1) .
The airborne chloride C air can be obtained from equation (2a) with i = 0. This is due to the assumption that the incoming flux at surface layer F in (0,t) is equal to the airborne chloride, as expressed in equation (3a). The properties of the drawn cores of the concrete specimens, such as the paste volume in concrete, and the input airborne chloride are also listed in Table 1 . Fig.3, Fig.4, Fig.5 and Fig.6 give the distribution of chloride concentration obtained from calculation It should be noted that the effect of rain washout should not be considered the reason for these disagreements, due to the fact that the experimental data obtained from the drawn cores of concrete specimens were free from rain washout effect. This meant that the positions where the drawn cores of concrete specimens were taken out were not exposed to the rain at any time.
However, carbonation in concrete could be the reason for these disagreements. It has been known that carbonation occurs when carbon dioxide CO 2 from the air penetrates the concrete and reacts with hydroxides, such as calcium hydroxide Ca(OH) 2 , to form calcium carbonates Ca(CO) 3 . According to ACI 318-05 25) , carbonation is highly dependent on the relative humidity of the concrete. The highest rates of carbonation occur when the relative humidity is maintained between 50% and 75% 25) , which is similar to the relative humidity of the surrounding area where the investigated structures are located 22) . Moreover, Maruya et al. 21) introduced the effect of carbonation on free chloride concentration by multiplying the fixed chloride content by the carbonation effect factor. This implied that carbonation could release bound chlorides in the carbonated zone 25) and subsequently decrease the outgoing flux F out (i,t) of free chloride ions from the surface element. This mechanism might be the reason for the low chloride concentration at 1mm from the surface of the drawn cores of concrete specimens, as observed from Fig.3 to Fig.6 . However, the calculation results plotted in Fig.3 to Fig.6 did not take the carbonation effect into account because the depth of carbonation was not measured in this study. That might be the reason why the experimental data were scattering from the calculation results, especially at positions of less than 4mm depth.
Nevertheless, the same calculation method was also used to quantify the chloride concentration at the surface element, as shown in Fig.7 . It can be observed that the chloride concentration in the surface element nonlinearly increased with time even though the accumulative chloride content in concrete with time increases linearly. In the surface element, some of the first incoming chloride which did not diffuse into the matrix element was accumulated with the next incoming chloride over time. Therefore, the difference between the chloride concentration in the surface element and matrix element became larger over time. This implied that the outgoing flux F out (i,t) from the surface element into the matrix element also increased over time. Similar commentary was also addressed in Fick's law. That was the reason why a nonlinear increase in chloride concentration in the surface element was observed. Carbonation in concrete might also be an additional reason for the nonlinear increase in chloride concentration at the surface element over time. As mentioned earlier, the outgoing flux of chloride ions into the matrix element was reduced because some amount of fixed chloride in the matrix element was released by carbonation in concrete 25) ; thereby, accumulation of chloride ions at the surface element increased over time.
However, the calculation results shown in Fig.7 could be applied only in the case where the structures were not exposed to rain. Some amount of chloride in the surface element would be washed out if the structures were exposed to rain. This means that rain washout effects should also be taken into account in the determination of chloride concentration in the surface element. A similar consideration was also given by Swatekititham 20) in the case of rain-exposed structures. Additionally, the previous study confirmed that chloride removal during washout is possible through reverse diffusion 25) .
CORROSION RATE OF REINFORCING STEEL IN CONCRETE (1) Corrosion mechanisms
It has been reported that reinforcing bars embedded in concrete are normally protected from corrosion by gamma ferric oxide (γ-Fe 2 O 3 ) 26), 27) , called passive film, which forms on the steel surface. However, the passive film could be destroyed by two mechanisms, carbonation and chloride intrusion 26), 27) . The mechanism of carbonation in concrete has already been given in the previous subchapter, 2(3). Meanwhile, the mechanism of corrosion due to chloride penetration is briefly described here. Fig.8 shows the corrosion mechanism of reinforcing bars embedded in concrete due to chloride penetration. According to Neville 28) , chloride ions in the pore solution activate the steel surface and form an anode, while the passive film behaves as a cathode. Corrosion starts when the chloride content in the pore solution exceeds the threshold level. Meanwhile, when the reinforcing bars corrode, they dissolve in the pore water and release 2e -which passes through the steel and into the cathode. 2 , which is, in turn, converted by further oxidation to rust 29) . The details of the reactions are illustrated in Fig.8 .
Furthermore, it has been reported that when the unhydrated ferric oxide Fe 2 O 3 becomes hydrated, it swells and becomes more porous and its volume at the steel-concrete interface increases from six and ten times 28), 29) . This mechanism leads to cracking of cover concrete. is subject to the change from one mechanism to another when the degree of saturation in gel and capillary pores in the concrete changes.
As shown in Fig.9 , corrosion of reinforcing bars due to chloride penetration cannot occur in dry concrete. This is due to the fact that the resistivity of dry concrete is very high, corresponding to very low conductivity; therefore, the corrosion rate controlled by conductivity I conductivity is very low. This illustration is supported by the finding of Feliu et al. 30 ) that the resistivity of concrete is inversely proportional to the corrosion rate. Meanwhile, the increase in degree of pore saturation resulted in an increase in concrete conductivity or in the decrease in concrete resistivity. This condition would lead to more chloride ion penetration into the concrete and would result in the increase of I conductivity , as shown in Fig.9 . This concept is also supported by the research results of Lopez and Gonzalez 12) , who reported that the level of pore saturation in concrete controls the resistivity of concrete as well as the corrosion rate of the reinforcing bars in concrete. Support for this is also given in the finding of Glass et al. 31) that the effect of mortar resistivity on the rebar corrosion rate was strongly dependent on the environmental relative humidity.
However, if the degree of pore saturation in concrete is too high, the pore saturation could block the penetration of oxygen into the concrete and it would result in insufficient oxygen supply in the corrosion process. Similar commentary was also given by Espelid and Nilsen 32) , who stated that the diffusion of oxygen into the embedded steel is nearly totally restricted due to blocking of pore saturation. This phenomenon demonstrated the decrease in corrosion rate controlled by the supply flux of oxygen I oxygen , in case of a too high degree of pore saturation, as illustrated in Fig.9 .
Furthermore, the horizontal broken lines in Fig.9 show the increase in corrosion rate controlled by chloride concentration I chloride , which would change according to the degree of pore saturation, the concrete conductivity and the supply flux of oxygen. Chloride-induced steel corrosion appeared at a relatively high degree of pore saturation in the presences of enough conductivity and supply flux of oxygen. The increase in chloride concentration in pore solution could change Tafel's slope and result in the acceleration of the corrosion reaction 12) . Based on the concept illustrated in Fig.9 , the effective corrosion rate I effective in concrete will be very high at some degree of pore saturation, when the conductivity of concrete, the supply flux of oxygen and the concentration of chloride are high.
(3) Corrosion rate controlled by conductivity a) Relationship between degree of pore saturation and conductivity of concrete The relationship between the degree of pore saturation and concrete resistivity was examined with different chloride concentrations, 0% and 2%, by Lopez and Gonzalez 12) , as given in Fig.10 . It can be observed that the relationship between the degree of pore saturation and concrete resistivity remained almost identical regardless of the chloride concentration. Meanwhile, similar results were also found by Hunkeler 13) in 1996. These results imply that degree of saturation in gel and capillary pores S cg is not an appropriate parameter representing the properties of concrete conductivity, but the absolute water content in gel and capillary pores V w,cg is.
It can be seen in Fig.11 that the concrete elements with different w/c have the same absolute water content but different degrees of saturation because of different paste volumes. Since the absolute water contents in the two concretes are the same, the ability for ion transportation is also the same, and so give the same electrical conductivity despite different degrees of saturation. Therefore, the absolute water content in gel and capillary pores V w.cg in concrete is used as the controlling parameter of concrete conductivity. By means of the experimental results of Lopez and Gonzalez 12) , the relationship between the absolute water content and concrete conductivity is given in Fig.12 . The values of absolute water content V w.cg in Fig.12 were calculated from experimental data from Lopez and Gonzalez 12) following the micro structures and mass transportation given by Maekawa et al. 23) . It can be observed in Fig.12 that the relationship between the concrete conductivity and the absolute water content fit best with equation (8) The corrosion rate of reinforcing bars in concrete has been confirmed by the experimental results of Alonso et al. 8) , Lopez and Gonzalez 12) , and Morris et al. 9) to have a linear relationship with the conductivity of concrete.
It is known that the corrosion rate of reinforcing bars in dry concrete is very low, approximately 10 -8 A/cm 2 , while the resistivity of dry concrete is approximately three million ohm-cm 12) . On the other hand, the corrosion rate of reinforcing bars in wet concrete is very high, which was assumed to be maximum at 10 -5 A/cm 2 , corresponding to the minimum concrete resistivity of 10 3 ohm-cm 12) . Accordingly, the relationship between the corrosion rate of reinforcing bars obtained from the experimental results of Lopez and Gonzalez 12) has been plotted in Fig.13 .
Based on the experimental data of Lopez and Gonzalez 12) , the corrosion rate of reinforcing bars controlled by concrete conductivity I conductivity was formulated and proposed as shown in equation (9) 12) : Particularly, the changing of the corrosion rate while the resistivity of concrete was very low and almost constant, as appears on the leftmost part of Fig.13 , was disregarded. It can be understood from Fig.10 that the degree of pore saturation in the concrete was very high (from 0.8 to 1) while the resistivity of concrete was very low and almost constant (between 10 3 and 10 4 ohm-cm). These experimental results showed that at a very high degree of pore saturation, the corrosion rate of reinforcing bars were not controlled by the concrete conductivity. As illustrated in Fig.9 , at a very high degree of pore saturation, the corrosion rate was controlled by the supply flux of oxygen I oxygen . c) Relationship between corrosion rate and degree of saturation in gel and capillary pores Regarding the water-to-cement ratio, the conductivity of concrete determined from the given absolute volume of water in gel and capillary pores shown in Fig.12 was used as input for calculating the corrosion rate of reinforcing bars based on the relationship shown in Fig.13 . As a result, the corrosion rate of reinforcing steel controlled by the conductivity of concrete was obtained as given in Fig.14 .
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1. E-05 mens, which have the same volume of past-to-mortar ratio as the mix proportion given by Lopez and Gonzalez 12) . The corrosion rate of reinforcing steel may possibly change significantly due to the volume of paste -to-concrete ratio. Commonly, ordinary concrete is designed to have a paste volume from 0.26 to 0.3. If a volume of paste-to-concrete ratio 0.3 was designed, the corrosion rate of reinforcing steel with variations of the water-to-cement ratio would be obtained as shown in Fig.15. (4) Corrosion rate controlled by chloride concentration According to electrochemistry, the corrosion rate of reinforcing steel can be determined from the half-cell potential and Tafel's slope. However, the effects of chloride concentration on Tafel's slope have not yet been reported. Therefore, the use of electrochemistry is not justified for determining the corrosion rate of reinforcing bars in concrete.
Based on the experimental results of the exposure test of Sasatani et al. 33) , as shown in Fig.16 , the empirical formula to determine the corrosion rate of reinforcing bars governed by chloride concentration was obtained as shown in equations (10a) and (10b): The corrosion rate controlled by the chloride concentration and taking into account the effect of temperature can be determined as expressed in equation (11) 34) : 
(5) Corrosion rate controlled by supply of oxygen a) Diffusion coefficient of oxygen in cement paste
The supply flux of oxygen is generally controlled by the diffusion coefficient of oxygen. In cement paste, a diffusion coefficient of oxygen coupling both gaseous and liquid states was proposed by Ishida 5) . However, this model is difficult to implement since it concerns many terms of pore structures, which are very complicated to determine. Based on the aforementioned model, the empirical formula for the diffusion coefficient of oxygen can be simply obtained by conducting a parametric study on the wa- ter-to-cement ratio and relative humidity. From the calculation results, the empirical formula for the diffusion coefficient of oxygen in water and gas states can be written as equations (12a) 
b) Supply flux of oxygen under steady state
At the critical state, the dissolved oxygen concentration in the reinforcing steel becomes zero and the corrosion rate of the reinforcing steel equals the supply flux of oxygen. This condition implies that the available dissolved oxygen concentration in the concrete cover remains constant while the supply flux of oxygen is totally consumed in the corrosion process. The image of the critical state due to shortage of oxygen is shown in Fig.17 .
The possible amount of dissolved oxygen in the gel and capillary pores of cement paste can be written in the following form: According to the image of the shortage condition, the supply flux of oxygen can be written as equation (15) . Then, the corrosion rate of reinforcing steel controlled by the supply flux of oxygen under the steady state can be determined by means of equation (16) : paste volume-to-concrete volume ratio. Accordingly, I oxygen of reinforcing bars embedded in cement paste with w/c = 0.5 was calculated by means of equation (16), as plotted in Fig.18 . It can be seen that with the same cover thickness or cover depth, I oxygen is inversely proportional to degree of saturation in gel and capillary pores S cg . This is because the diffusion of oxygen to the embedded steel is restricted due to blocking of pore saturation 33) . Meanwhile, with the same degree of saturation in gel and capillary pores S cg , I oxygen is also inversely proportional to the cover thickness. Moreover, I oxygen of reinforcing bars embedded in ordinary concrete was also calculated by means of equation (16) with V p = 0.3. This was because the paste volume-to-concrete volume ratio in ordinary concrete is usually equal to 0.3. Consequently, the corrosion rates of reinforcing steel in concrete with different cover thicknesses were obtained as plotted in Fig.19 .
The effect of w/c on the corrosion rate controlled by the supply flux of oxygen of the reinforcing bars embedded in concrete was also examined by means of the results of the calculation with a cover thickness of 50mm, as shown in Fig.20 . It can be observed that with the same cover thickness and the same degree of saturation in gel and capillary pores, I oxygen increases with w/c. However, it can be observed in Fig.18 , Fig.19 and Fig.20 that at a very high degree of saturation in gel and capillary pores, I oxygen was almost zero regardless of w/c and cover thickness.
DESIGN CORRODED MASS
The design corroded mass of reinforcing steel bars in concrete under chloride attack is the summation of the corrosion rate from the corrosion initiating time to the design time of interest. Finally, the design corroded mass could be determined from the following equation: The corrosion rate of reinforcing bars in concrete could be different depending on the environmental conditions where the structures are located. This implies that the corrosion rate of reinforcing bars in concrete could be controlled by the concrete conductivity, the chloride concentration or the supply flux of oxygen, as illustrated in Fig.9 . Therefore, I effective in equation (17) could be equal to I conductivity , I chloride or I oxygen depending on the degree of saturation in the gel and capillary pores S cg in the concrete. Meanwhile, I conductivity , I chloride and I oxygen could be calculated by means of equation (9), equation (11) and equation (16), respectively.
LIMIT CORRODED MASS CAUSING CRACKING IN COVER CONCRETE
(1) Analytical model of limit corroded mass An analytical model was constructed regarding the cracking resistance of cover concrete, determined from the ultimate internal pressure and displacement given by Piyamahant and Shima 35) . Accordingly, the limit corroded mass can be determined by inputting the cover thickness c [mm], diameter of steel ø [mm], tensile strength of concrete f t [N/mm 2 ], creep factor and expansive ratio γ, as shown in Fig.21 34) . It was assumed that the corrosion products equally expand around the reinforcing steel. Then, the unconfined displacement can be calculated from the volume of corrosion products increasing from the reinforcing steel due to the expansive ratio. However, the corrosion products generated inside the cover concrete is naturally confined. Therefore, the volume reduction under confinement condition must inevitably be considered in the calculation. At the moment that the crack penetrates through the cover concrete, the ultimate internal pressure is the pressure confined to the outer sides of corrosion products. By this pressure, the internal pressure pushing at the inner sides of corrosion products can be calculated based on the thick-walled-cylinder theory 36) , as shown in the following equation:
( ) : Poisson ratio of concrete. The ultimate internal pressure P ultimate in equation (18) was simply estimated by elastic and fully plastic models 36) . Meanwhile, in more advanced analysis, P ultimate was estimated by taking into account the tensile-softening behavior of concrete 35) . Thus, the displacement of corrosion products under confinement from the stress at their inner and outer sides can be calculated by the thick-walled cylinder theory.
(2) Empirical formula for corroded mass causing cracking in cover concrete From the previous subchapter, the empirical formula 34) for calculating the limit corroded mass can be derived as follows: : compressive strength of concrete (MPa).
(3) Effect of each parameter on simulation results
From the analytical model, the limit corroded mass can be parametrically determined. In Fig.22 , the changes in the diameter of reinforcing steel did not affect the limit corroded mass. The calculation was done by fixing the concrete strength, creep factor and expansive ratio equal to 30 MPa, 0 and 2.0, respectively.
The effect of creep factor on the limit corroded mass is shown in Fig.23 . The calculation was done by fixing the concrete strength, steel diameter and expansive ratio equal to 30 MPa, 16 mm and 2.0, respectively. In the corrosion process, the types of corrosion products are varieties which depend on the amount of oxygen, saturation and acidity. The volume expansive ratio of these corrosion products is also not the same and approximately equal to 2.0~4.0 37) . The effect of volume expansive ratio on the limit corroded mass is shown in Fig.24 . The calculation was done by fixing the concrete strength, steel bar diameter and creep factor equal to 30 MPa, 22 mm and 0, respectively.
The effect of strength on the limit corroded mass is shown in Fig.25 . The analysis was done by changing the cover thickness and fixing the bar diameter, creep factor and expansive ratio equal to 16 mm, 0 and 2.0, respectively.
(4) Verification of limit corroded mass
The verification of the limit corroded mass causing cracking in cover concrete calculated by means of equation (19) was made by comparing it to the experimental results of previous studies. Meanwhile, the unknown material properties, which are the volume expansive ratio and creep factor, can be designed from other experimental results. Unfortunately, only the results from the accelerated tests of Matsuo et al. 38) , Morikawa et al. 39) , Maruyama et al. 40) , and Takewaka and Matsumoto 41) are available as shown in Fig.26 .
The volume expansive ratio of corrosion products was 2.8, while the creep factor depended on the test conditions. The experimental data of Matsuo et al. 38) had a higher corroded mass causing cracking in cover concrete than other experimental data; therefore, the creep factor used for comparing with this experimental data was 2.0. The accuracy of the proposed method is 25% more or less from the experimental data (Fig.26 ).
SIMULATION FOR CORROSION CRACKING DUE TO CHLORIDE ATTACK IN REINFORCED CON-CRETE STRUCTURES (1) Simulation method
The simulation for corrosion cracking due to chloride attack in reinforced concrete structures was proposed by combining the chloride penetration, the design corroded mass, and the limit corroded mass. The schematic of the simulation method is shown in Fig.27 .
The calculation judges the deterioration stages from two criteria, the corrosion and the cracking time of cover concrete. In calculation, the corrosion initiating time will take place if the chloride concentration at the reinforcing steel exceeds the threshold chloride concentration, given as 1.8 kg/m 3 . According to the JSCE 1) , the threshold chloride concentration depends on the experimental conditions and varies from 1.2 to 2.4 kg/m 3 . However, the average value of threshold chloride, which was equal to 1.8kg/m 3 , was selected and used in this study. Similarly, the cracking time of cover concrete will be obtained if the accumulative corroded mass of reinforcing steel exceeds the limit corroded mass m lim , based on Piyamahant and Shima 35) .
(2) Comparison method
By integrating the sub-models together, the actual deterioration mechanisms can be simulated incorporating the effect of environmental conditions. With 
this, the simulation results should be comparable to the actual reinforced concrete structures located on land and subjected to chloride and corrosion problems.
The simulation results can be compared to the actual reinforced concrete structures according to the method shown in Fig.28 . It was decided to use the cracking in reinforced concrete beams in comparison since it can be directly observed from the actual reinforced concrete structures. During monitoring, the conditions of actual reinforced concrete beams, without taking into account the effect of raining, need to be checked for whether they have cracks or not. On the other hand, the simulation result also informs whether the reinforced concrete beams of the target structure have cracks or not. Thus, the results from investigation and calculation at monitoring time can be compared to each other.
Moreover, cracking time of cover concrete in the target structures might take place earlier or later than the simulation results. This is due to the fact that the thickness of cover concrete in the real structures could be different from one location to another, while cracking due to chloride attack would occur earlier at the shallow positions (thin cover) than the deep positions (thick cover). and some of them have to be measured from the target structures directly. The cover concrete and steel diameter can be directly measured from the target structure by applying the non-destructive test. in some cases it is fortunate that the cover concrete was spalled so the steel diameter and cover concrete in that area could be physically measured. The actual reinforced concrete bridges of high way along the coastal line of Kochi prefecture were investigated. The investigation points of three bridges, which were Myojin, Akano and Ananai bridge, have not been influenced by rain and drainage water.
b) Estimation of input parameters
Since the investigated reinforced concrete bridges are very old, the exact water-to-cement ratio and volume of paste cannot be determined. For the bridges constructed during year 1930, the mix design of concrete−using cement (C), sand (S), and aggregate (A)−was determined from the volume ratio of 1:2:4 (C:S:A) 22) . For the bridges constructed during 1970, the mix design of concrete was determined from the required compressive strength of 210 kgf/cm 2 . Based on these methods, the mix proportion was calculated; results are summarized in Table 2 .
Not only the water-to-cement ratio and volume of paste had to be estimated, but also the flux of airborne chloride from the distance to the seashore, the wind speed and the wind directions. Therefore, data of wind speed and wind directions of Kochi prefecture in the year 2003 were taken from the database and then the airborne chloride could be calculated. The amount of airborne chloride transported to the Table 3 . According to Tanaka et al. 42) , wind turbulence is an important factor causing inequality of chloride concentration from one position to another in reinforced concrete structures. However, the effect of wind turbulence on chloride concentration was neglected in this study due to the data limitation as well as the complexity in the simulation. That was the reason why the incoming flux of chloride ions at the surface element was assumed to be equal to the airborne chloride in this study. The simulation was performed accordingly.
c) Relative humidity and temperature
Based on the investigated points, the reinforced concrete beams are not subjected to the effect of rain and sunshine. Thus, the relative humidity and temperature at the concrete surface was assumed to depend on the relative humidity and temperature surrounding the target structures. Regarding this assumption, the surrounding relative humidity and temperature were taken from the weather database. The relative humidity and temperature of Kochi prefecture in year 2003 are shown in Fig.29 .
(4) Investigation results
The cracking in cover concrete from the investigation was measured according to the positions shown in Fig.30, Fig.31 and Fig.32 . The general conditions and results from the actual measurements are shown in Table 4 and Table 5 , respectively. In Table 4 , it was necessary to consider the initial chloride concentration since it affects the corrosion initiating time. The initial chloride concentration was considered from the types of sand. In the case of Akano bridge, it is believed that the concrete was mixed from the available material near the bridge. 
Investigation points

Sketch of cross-section Therefore, the river sand was assumed to have been used and the initial chloride was assumed to be zero. On the other hand, Myojin and Ananai bridges used sea sand since the concrete during that period was supplied from a ready-mixed concrete plant.
(5) Simulation results
It can be observed in Fig.33(a), Fig.34(a) and Fig.35(a) that when the initial chloride concentration as well as the effect of typhoon was not introduced into the simulation, the simulation results gave no sign of corrosion at monitoring time. Meanwhile, these results were opposite to the actual observations that cracks already appeared in the real structures. Therefore, the simulation was performed again in order to take into account the initial chloride concentration and typhooneffect by multiplying the airborne chloride listed in Table 3 by an effecting factor of 1.2.
Consequently, as shown in Fig.33(b), Fig.34(b) , and Fig.35(b) , the second set of time simulation results agreed with the actual investigation on the three target reinforced concrete structures.
CONCLUSIONS
The following conclusions can be derived from this study: 1) The distribution of chloride concentration in the concrete located on land was calculated by inputting the flux of chloride ions at the concrete surface instead of the chloride concentration. The calculation was verified with the distribution of chloride concentration from the cored specimens. Then, it was found that the calculation results agreed with the results of the cored specimens. Additionally, the chloride concentration at the concrete surface, denoted by C 0 , will not increase linearly even if the accumulative chloride content in concrete increases linearly over time.
2) The effective corrosion rate of reinforcing steel in concrete was modeled from three fundamental mechanisms, which are the conductivity of concrete, chloride concentration and supply flux of oxygen. Meanwhile, the effective corrosion rate could be individually controlled by the concrete conductivity, the chloride concentration or the supply flux of oxygen depending on the degree of saturation in gel and capillary pores. Accordingly, the design corroded mass can be determined by integrating the effective corrosion rate from the corrosion initiating time to the design time.
3) A numerical model of limit corroded mass of reinforcing steel causing cracking in cover concrete was found to be a function of volume expansive ratio, thickness of cover concrete, creep factor and concrete compressive strength, as given in Eq.19. Meanwhile, the accuracy of the proposed formula was found to be approximately 25% as compared to the experimental results of previous researchers. 4) Incorporating the models in conclusion 1) and 2) with the limit corroded mass, a simulation of corrosion cracking due to chloride attack in reinforced concrete structures was proposed. The capability of this simulation was studied by comparing it with an actual investigation on the reinforced concrete beams of three reinforced concrete structures. From the simulation results, it was found that the initial chloride concentration and the effect of typhoon were the significant influencing parameters. 
